Sustainable production with reduced reliance on pesticides places some big demands on the effectiveness of biological control of pest and disease problems within horticultural production systems. There is currently a need to integrate and synthesise knowledge from all aspects of the production system to determine the most effective strategies for biological control of pests and disease. For this a systems-based modelling approach is appropriate, due to the inclusive nature of this approach and its focus on understanding processes and their interactions. The development of a systems approach for biological control in horticulture is incredibly daunting due to the huge diversity of crops, pests, natural enemies and production practices in horticulture. New and up-and-coming sensor and production technologies combined with new modelling approaches have however, great potential to either simplify the system to a manageable level or provide a common framework for modelling that will greatly enhance the ability to take a systems approach to coping with reduced pesticides. Current models are primarily oriented towards enhancing the understanding of a system and its processes, however, often with limited focus on producing practically useful outcomes. For the future, there will be a need to translate research models into practically useful tools, through the simplification of the research models, so that there is rapid transfer of knowledge and understanding from researchers to growers.
INTRODUCTION
Horticulture and agriculture currently face a number of significant pressures, which have the potential to change how, where and why we produce food and amenity crops. Global policy makers are increasingly focussing on food production to address the issues of hunger (with an estimated 925 million people experiencing hunger (FAO, 2010) and global food insecurity. The recent UK Foresight report on The Future of Food and Farming (Foresight, 2011) identified the following five key challenges for the food system:
• Addressing the threat of future volatility in the food system; • Ending hunger;
• Balancing future demand and supply sustainability;
• Meeting the challenges of a low emissions world;
• Maintaining biodiversity and ecosystem services while feeding the world. Of these, the last three impact directly on horticulture within the context of coping with reduced pesticides. The principle behind these challenges is one of sustainable intensification: producing more from the same land area whilst reducing the environmental impacts of production (Godfray et al., 2010) :
Addressing these challenges will require the integration of a number of components of horticultural production combined with a full understanding of how these components interact. In the past the focus has been on making improvements to individual components of horticultural production separately, with little regard for the impacts that changes in the component of interest may have on the other components in the system. In coping with reduced pesticides, it will be necessary to rely on a systems approach (von Bertalanffy, 1969) where the impacts of changes in one part of the production system are assessed across the entire system. Underlying this systems approach there will need to be a set of models that encapsulate our current understanding and knowledge of the different components of horticultural production and how they interact.
The replacement of pesticides with biological control, and effective use of biological control agents forms a major part of any systems approach to sustainable horticulture (Bale et al., 2008) . The potential scope of modeling within horticulture to allow the industry to cope with the impacts of reduced pesticides is huge, covering not just biological control, but plant breeding, production technology, remote sensing and climatic control. Within this paper I focus specifically on modelling for the development of sustainable biological control of pests and disease. I present what I see as the future for biological control in protected and outdoor horticulture, and describe how modelling will contribute to this future. I then present a modelling approach that has the capacity to act as a common framework for integrating genetics and other factors associated with horticultural production with biological control to allow assessment of the impacts of breeding and production improvements on pest control strategies. I conclude with a discussion of the role modelling and tool building could play in the development of future biological control strategies.
MODELLING BIOLOGICAL CONTROL IN HORTICULTURE
The idea of using one species to control the level of a second, pest, species has a long history, and can be dated back to the third century, where the Chinese used ants to control citrus pests, although the first supposed proposition of using insect predators to control insect pests was not until 1734 (van Lenteren, 2007) .
The use of biological control with horticulture is now common, with augmentative biological control (the regular release of natural enemies to control pests (Luck and Forster, 2003) forming one component of sustainable pest management strategies (Rabb et al., 1976; Luck et al., 1997; van Lenteren, 2000) . The successful and effective use of augmentative biological control however, requires a sound understanding of the biology of the pest, the natural enemies (biological control agents) and their interactions, both with each other and with the crop. Using host-parasitoid biological control systems as an example, Mills and Getz (1996) stated that of the 3,600 purposeful introduction of parasitoids, no more than 36% had resulted in substantial or complete control of the target pest.
Modelling can have a role in addressing this disparity, and there exists a rich theoretical and conceptual knowledge base regarding predator-prey (including hostparasitoid) dynamics (e.g. Huffaker et al., 1963; Holling, 1966; Royama, 1971 ) that can be utilised in the development of models for biological control. Mills and Getz (1996) concluded that models could be used to make significant advances in the understanding of host-parasitoids dynamics, but also included the caveat that the models, being a simplification of a highly complex system, might not produce realistic predictions. This is common to any modelling approach and underlines the need to understand that modelling requires the use of simplifying assumptions, and that violation of these assumptions will invalidate the model. As Box and Draper (1987) famously wrote: "Remember that all models are wrong; the practical question is how wrong do they have to be to not be useful."
A Modeling Framework for Protected Crops
One of the key features of biological control in protected crops, is the diversity of the plants, pests and natural enemies that can potentially be present within the same system (Skirvin and de Courcy Williams, 1999; Skirvin et al., 2002) , and due to the use of insect pollinators, there is increasing reliance on biological control to meet the plant protection needs in protected horticulture. The use of multiple natural enemies brings with it the associated problems of how the interactions between the different natural enemies (such as interference and intra-guild predation (Rosenheim et al., 1995) affect the efficacy with which control of the pests can be achieved. The complexity of the system increases with the number of pests that need to be controlled and the number of natural enemies used to control them, and hence a systems approach potentially provides a useful method for synthesising understanding of the system and predicting the efficacy of biological control. An example of the use of a systems approach for predicting biological control efficacy is the work of Skirvin et al. (2002) who developed a modelling framework for the development and assessment of biological control strategies in protected crops.
The aim of the work was to develop a framework for the prediction of the effective use of the predatory mite, Phytoseiulus persimilis, to control spider mite, Tetranychus urticae on ornamental crops that accounted for the interaction between the crop, pest and natural enemy. The approach combined literature data on the pest and predator and experimental work on the effect of three different ornamental crops on the development, fecundity and movement of T. urticae (Skirvin and de Courcy Williams, 1999) with the development of a model to predict control of the pest . The model was then used to identify which of the key processes in the model had the greatest impact on the predicted efficacy of biological control. The model predicted that the success of biological control was highly dependent on the movement of the predator within the crop and the distribution of the pest population within the plant canopy . This then led to further experimental work examining how the crop canopy influenced the movement of P. persimilis (Skirvin and Fenlon, 2003) , which was used to enhance and improve the model, following the iterative process associated with a systems approach. As well as providing an understanding of the components of the system that had the greatest impact on the efficacy of biological control, the model was also able to predict the most appropriate strategy for the biological control of the pest (weekly introductions of ten predators per plant).
This example illustrates how a systems approach can enhance the understanding of a biological control system and lead to practical strategies for the use of biological control in horticulture. It also serves to illustrate the impact that the complexity of the system has on the ease with which systems models can be developed. Although the Skirvin et al. (2002) model, along with most other biological control models, is relatively simple, examining a one species by one species by three species interaction, it still included over 20 parameters and required a number of time consuming experiments over three years to develop. Recent estimates suggest that since 1970 more than 60 species of natural enemies have been used to control around 50 pest species (van Lenteren, 2007) . Therefore, the development of a systems approach that is able to cope with this diversity and incorporate the effects of all the potential interactions between multiple pests, natural enemies and crops is a significant undertaking. Having said this, just the process of defining the system and the interactions within them can be a useful tool in aiding the development of biological control. Messelink (2009) developed a food-web model of biological control in cucumber ( Fig. 1 ) to identify and understand the possible interactions and the main consequences of these interactions for the success of biological control. The model showed that pests can influence each other indirectly when they have a common predator, and greenhouse trials revealed that control of whitefly and spider mites was improved by the presence of thrips, as the predators did better on a diet combining the two pests than on either pest alone.
Although the development of a fully integrated systems approach to biological control in horticulture remains a long-term goal, in the short term, the systems approach can be used to assess the interactions between plants, pests and natural enemies, and, in combination with experimental work identify those interactions that have the greatest impact on the success of biological control.
New Technology Leads to Simpler Systems
As mentioned above, the development of a modelling approach that is able to cope with a complete biological control system for protected horticulture is a huge undertaking-so is there a way in which we can reduce the complexity of the system and hence the complexity of the models?
As technology for protected horticulture improves, there is increased potential for reducing the complexity of the system. For example, the closed glasshouse (Opdam et al., 2005) , which relies on controlling the microclimate in the glasshouse by using a heat exchanger to cool the air and provide a natural ventilation due to air circulation simplifies the system by having no vents and this minimises the ingress of pests, potentially making effective biological control easier to achieve. The minimisation of pest invasion simplifies the biological control strategy to one of modelling a single population (that of the predator), where the aim is to ensure sufficient natural enemies are in the system to eliminate any pest ingress. Current developments in sensor technology make it possible to utilise sensors to identify when pest or disease problems are beginning. It has been shown that UV-induced fluorescence can be used to detect powdery mildew as early as three days after inoculation (Bélanger et al., 2008) , which is prior to visible symptom expression. Additionally, Moshau et al. (2005) achieved a 94.5% accuracy of detection of disease plants based on fusion of data from multiple sources combined with software to identify diseased plants. They suggested that the system could be adapted to provide real-time field-based disease prediction.
Another approach to the detection of pests and diseases uses the fact that plants produce volatile compounds as part of their defence response to pest (and disease) attack (Vet and Dicke, 1992; Huang et al., 2003; Rostás et al., 2003) . Laothawornkitkul et al. (2008) demonstrated that plant volatile signatures could be used to discriminate between mechanical damage, pest and disease attacks on cucumber, pepper and tomato leaves. In tomato, Ghaffari et al. (2010) demonstrated that electronic noses combined with a number of clustering and classification algorithms could provide up to 98% accuracy in discriminating between healthy plants, plants infested with powdery mildew, and plants infested with T. urticae. Furthermore, detection and discrimination of the disease and pest could be achieved within 3 and 7 days after infestation for N. lycopersicae and T. urticae respectively (Iliescu, pers. commun.).
Spatially accurate, early detection of pests and diseases has significant potential to reduce the complexity of the biological control system, particularly from a modelling point of view. The ability to identify where in a crop a pest/disease is present means that biological control can be spatially targeted, with the consequence that any modelling of the interaction between pest/disease and natural enemies no longer needs to include the, often complex, spatial dynamics of the system. This allows the model to be simplified to only consider the temporal population dynamics of the pest/disease and its natural enemy and the interaction between them, leading to more accurate predictions of successful biological control strategies, based solely on the introduction of sufficient natural enemies to eliminate rapidly (or reduce below economic damage thresholds) the pest/disease. Work on spider mites Nachman, 1998, 1999) has shown that the movement of predators and prey leads to metapopulation dynamics, with repeated cycles of pest attack and control, due to the ability of the pest to escape the predator by movement. Skirvin et al. (2002) showed that removing the movement of pest and predator from a model for T. urticae and P. persimilis led to increased control of the pest, with reduced time to the achievement of control, as the cycle of elimination and recolonisation was prevented.
Simple models should be able to provide therefore, accurate predictions of precision strategies for biological control, as long as they are sufficiently realistic to capture the essence of the biology (Barlow et al., 2003) . Compared with development of a full systems model, models for precision biological control of pests and disease will require far less time to develop and a lot less data. Precision control models will not need to predict the long term dynamics of the system, but will instead be focussed on achieving a rapid reduction in pest numbers, requiring the optimisation of introduction strategies for localised pest and disease control.
Field Systems: Biodiversity and Biocontrol
In contrast to protected crops, field horticulture is an open system, with high levels of complexity and interactions, which makes modelling of this system extremely difficult. Free access to a large community of natural enemies potentially provides a means to cope with reduced pesticides however, through the use of conservation biological control (Barbosa, 1998) . There is a significant literature demonstrating the fact that the use of field-edge and within-field biodiversity habitats, such as wildflower strips, enhances the abundance of natural enemies (Zhao et al., 1992; Bugg and Pickett, 1998; Baggen et al., 1999; Landis et al., 2000; Meek et al., 2002; Gurr et al., 2003) . There is, however, less evidence that these habitat manipulations lead to economic and sustainable control of pests in horticultural crops. Recent work (Skirvin et al., 2011) has demonstrated that within-field wildflower strips can lead to a reduction in aphid pests on lettuce by up to 39%, depending on the proximity of the crop to the wildflower strips. The effect of the wildflower strip declines however, with distance, so that enhancement of biological control is not detectable beyond 10 m from the wildflower strip. There is a need to fully understand the interactions between the outdoor horticultural system, the manipulated habitats and the dynamics and movement of natural enemies in order to ensure that conservation biological control can be used effectively as a means of enhancing pest and disease control in field crops. Because of the high complexity of the system, as illustrated in Fig. 2 , a systems approach is the only sensible way to attempt to understand and predict the system. As mentioned previously, however, such a complex system would require a large investment in data collection, development and parameterisation of a model. There is a recently developed modelling approach that could be used to reduce the effort required to develop models for field horticultural systems. Caron-Lormier et al. (2009) have developed models for arable systems based on a functional trait approach, with the aim of simplifying the system whilst still capturing the diversity and dynamics of the system. This approach models the flow of biomass between different feeding groups that are characterised by food preferences and body size. By utilising functional groups that represent the "average" characteristics of a group, it is possible to greatly simplify the system, yet still retain its essential biology and ecology. Caron-Lormier et al. (2009) were able to simplify their arable system from over 200 individual species to 42 functional groups and produce output that matches the expected behaviour of the arable system.
The use of functional groups to simplify a complex system whilst retaining its essential dynamics provides an approach that could easily and rapidly be applied to conservation biological control (especially as many of the natural enemies/functional groups are common to both field horticulture and arable systems). Such functional group models could then be used to predict the most appropriate strategies for the use of withinfield biodiversity habitats to enhance pest and disease control in outdoor horticultural crops. The main challenge to using this approach will be ensuring that the dynamics of the movement of natural enemies between the biodiversity habitat and the crop are modelled appropriately, but given the large ecological literature on the movement of organisms, this should not be too onerous or difficult a task.
VIRTUAL PLANTS: A DIGITAL LABORATORY
A common thread running through the use of biological control in both protected and field horticultural systems is the influence of plant structure on the movement and searching ability of the natural enemies, and hence the efficacy of biological control. Linking plant structure to the dynamics of pests/diseases and their natural enemies requires a different approach to modelling, which explicitly accounts for the three dimensional structure of the plant and how this structure changes over time. A simple and elegant solution to this problem is provided by Function Structural Plant Models (FSPMs) (Godin and Sinoquet, 2005) or virtual plants (Room et al., 1996) .
Virtual plants are based on a simple modelling process called Lindenmayer-or Lsystems (Lindenmayer, 1968) , which essentially map changes in a plant component from one time step to the next as a set of "rewriting rules" (Prusinkiewicz and Lindenmayer, 1990) . The model representation of the plant components are linked to a threedimensional structural representation of the plant component, allowing visualisation of the plant. The concept of extended L-systems allows the inclusion of parameters with each plant component, and the selection of the rewriting rules based on the parameters (Prusinkiewicz et al., 2000) . The extended L-Systems approach provides an extremely powerful framework for the modelling of plant function, structure and interaction with the environment and other organisms.
There has been limited use of this approach to examine how plant architecture impacts on biological control. Hanan et al. (2002) have demonstrated however, the utility of the approach for modelling insect movement in plant canopies, and Skirvin (2004 Skirvin ( , 2007 has demonstrated that this approach can be used to explore and quantify the influence of canopy structure on the efficacy of predator searching, specifically the time taken to locate prey. FSPMs have significant potential for understanding how plant architecture influences the efficacy of biological control and the interaction of plant architecture and predator searching behaviour with the emissions of herbivore-induced volatiles compounds that attract predators. This should lead to the ability to tailor biological control strategies for specific plant or crop architectures by either selecting natural enemies that have the most effective searching patterns or altering introduction strategies to account for crop architecture. Development of such models will require however, appropriate data on the movement and searching patterns of natural enemies, which is currently somewhat limited.
Due to the highly visual nature of virtual plants, it might be possible to simulate searching patterns that visually match those of the natural enemies, in the absence of appropriate data. This visual matching of patterns is prominent in the history of L-systems modelling, and forms a valuable and valid technique for the development of conceptual models of plant growth and the movement of organisms within plants. The pragmatic idea that "if it looks right it could be right" removes some of the constraints and limitations imposed by being heavily reliant on data. In effect, FSPMs can act as a form of digital laboratory, where the impacts on biological control of changes to plant function or structure can be assessed without limitation.
Beyond biological control, the ability to use L-systems to couple structure with function has led to a diverse community of researchers who are focussed on understanding and modelling the interactions between plant structure and function. The most established models focus on the partitioning of nutrients and hormones within a plant (Minchin, 2007; Prusinkiewicz et al., 2009) , with a particular emphasis on forestry and woody plants (Perttunen et al., 1998) . FSPMs have also been used to examine topics such as the genetic control of plant development (Dun et al., 2007; Bilsborough et al., 2011) , light capture and interception (Evers et al., 2007) and plant manipulation, such as pruning or training, (Costes et al., 2006) . Although still a young discipline, functionalstructural plant modelling has a huge potential for horticulture. The simplicity of representation of plant architecture, the ability to represent function, the ease with which external factors can be incorporated into the models and the applicability across the breadth of horticultural production systems mean that this concept could form a framework around which a systems modelling approach for horticulture can be developed. A lot more research is required to elucidate and enhance the links between structure, function and genetics, but the provision of a common research modelling framework would encourage and enhance collaboration and co-operations, reducing the amount of effort that is lost in re-inventing or reproducing previous research.
TOOLS AND MODELS
One of the biggest questions facing the development of a systems approach to horticulture is whether the models will provide practical solutions or remain in the realms of research understanding. In his review of modelling in horticulture, Lentz (1998) 
"According to Kearney (1992) , growers will only use a model if three requirements are fulfilled: the models deal with a problem faced by the decision makers, the model gives usable answers and the decisions should be complex, but the model does not have to be." But beside this, there is a chance that growers will become more interested in decision support systems and especially in crop management models due to the fact that the consumer preferences and the concept of sustainable agriculture and horticulture will force the growers to reduce the input of pesticides, fertilizer and energy. This will result in an increase in production risk which can only be countered with improved production decisions." Over ten years on from this statement, and little has changed. Why have not more models been taken up by growers? There is probably no simple answer to this, but the majority of models developed so far for horticultural biological control have been research focussed models, with the aim of increasing understanding rather than producing practical solutions for growers. Often there is limited information on the validation and accuracy of the models as noted by Van Pee and Berckmans (1999) who suggested that "black box" models could be as useful and accurate as more detailed models. The use of "black box" models to simplify complex biological systems is supported by work on functional responses (the relationship between prey available and prey consumed), which has shown that statistical counting process models that account for the variability within the data (Fenlon and Faddy 2006; Fenlon et al., 2009 ) provide a markedly better fit than the accepted mechanistic models (Holling, 1959a, b) . The main drawback to the "black box" approach is that it does not allow improvements in understanding of the system to be gained from the modelling approach. Where the development of a practical decision support tool, is a useful practical solution rather than a scientific understanding of the process being the main goal of model development, then a "black box" approach has an inherent value.
Many research models of the biological control of pests and diseases in horticultural systems have been published, and hence there is a large body of existing knowledge for decision support. A degree of effort will need to be expended on integrating and simplifying the knowledge encapsulated in these existing research models to provide rapid dissemination of existing knowledge and model-based tools to growers, to aid them in coping with reduced pesticide inputs through effective use of biological control.
For the future, it will be essential to integrate knowledge from all components of the horticultural production system through a coherent modelling framework to enable the development of effective strategies for biological pest and disease control, incorporating both new advances in breeding for pest resistance and cultural control. There is a need to move away from the single pest-single natural enemy approach to modelling that has characterised the history of models for biological control and to embrace the complexity that is associated with the use of a diversity of approaches (cultural, breeding and biological) for pest and disease control. Although developing these models could potentially require large amounts of data, advances in technology for precision biological control, the use of a common modelling framework and "black box" approaches will help to minimise the amount of data and time required to develop systems level models. This vision of the future may seem to be nothing more than a dream, but what is a modeller if not a chaser of dreams?
